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(57) ABSTRACT

A method and system for providing pulsed power and data
from a main control unit to slave units via a first bus. The
main control unit has an AC signal generator for providing
a plurality of first pulses (P1) on the bus for providing the
power to the slave units. Each slave unit 1s AC-coupled to
the bus via a first series capacitor arranged for converting the
first pulses (P1) into second pulses (P2). Data communica-
tion from the main control unit to the slave units i1s estab-

lished by modulating the first pulses (P1), and by demodu-
lating the second pulses (P2). The modulation may be based
on Pulse Position Modulation, Pulse Width Modulation,
Pulse Count Modulation, Pulse Amplitude modulation.
Zero, one or more bits may be communicated per first pulse.
Optionally the slave units may communicate to the main
control unit via a second bus.

19 Claims, 8 Drawing Sheets
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METHOD AND SYSTEM FOR PROVIDING
PULSED POWER AND DATA ON A BUS

The invention relates 1n general to the field of methods
and systems for providing pulsed power and data from a
main control unit (master) to at least one slave unit (slaves)
via a bus. More specifically the mvention relates to such
systems where the master and slaves are galvanically
decoupled, e.g. to a rechargeable energy storage systems
comprising a plurality of rechargeable cells.

BACKGROUND OF THE INVENTION

Several techniques for communicating power and data
over a single bus are known in the art. A well-known
example 1s “Power Line Communication” (PLC) where data
1s carried on electrical conductors that are simultaneously
used for carrying AC electrical power. A specific example 1s
“Homeplug”, which 1s the family name for various power
line communication specifications that support networking
over existing home electricity wiring. Characteristic to such
systems 15 that the power 1s a low-frequency AC signal (e.g.
220 V at 50 Hz), and that the data-information 1s super-
imposed at the transmitter side as a high-frequency signal
(e.g. up to 30 MHz), which data-signal can be separated
from the power-signal by appropriate filter-techniques at the
receiver side. A disadvantage of such a system 1s that 1t
requires a modem at each transmitter and receiver side,
which makes this system prohibitively expensive for some
applications, and requires extra board space (as compared to
systems not requiring a modem). Another disadvantage 1s
that the devices connected to the bus are galvanically
coupled to the bus, unless a transformer 1s used, which again
makes the slave units, and thus the system bulky and
exXpensive.

FR2612019A1 discloses a system including a two-line
bus, e.g. a shielded twisted pair, and several units connected
to the bus. The bus 1s equipped with a general supply
transformer, and each unit of the system 1s coupled to the bus
by a first transformer. Each unit 1s also coupled to the bus by
an 1solating transformer with ferrite core, intended {for
transterring digital signals between bus and unit. A disad-
vantage ol such a system 1s that each unit requires a first
transformer for receiving power, and an isolating trans-
former with a ferrite core for the data-communication. That
makes the umts, and thus the system bulky, heavy and
eXpensive.

W02011/036147 describes a system for balancing charge
over a plurality of rechargeable energy storage devices 12,
¢.g. battery cells, coupled in series, as illustrated 1n FIG. 1.
The slave devices (here: balancing units 13) are galvanically
separated from the power-bus 30 by means of series capaci-
tors 19. The data communication between the slaves and the
main control unit 20 occurs on a separate bus 40, ¢.g. a CAN
bus. As the slaves 15 are at different potentials, they cannot
be connected directly to the CAN-bus, but e.g. may be
connected thereto by means of interface devices using
opto-coupling, which requires board space and increases the
component cost.

FIG. 1 shows a system 13 for recharging a plurality of
battery cells 12, connected 1n series to form a string 11, each
cell 12 being controlled by a balancing unit 15. The main
control unit 20 of this system comprises an AC signal
generator 14 for providing power pulses on the bus 30,
which are provided to the slave units 15 through series
capacitors 19. A portion of that power 1s used for the local
power supply 22 of the slave unit, see FIG. 2, for powering,
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2

a local micro-controller 18. The micro-controller 18 1s
arranged for opening and/or closing switches SW1, SW2 for

charging and/or discharging the corresponding battery cell
12. Another portion of the power pulse 1s used for charging
or discharging the corresponding battery cell 12. The micro-
controller 18 can measure e.g. the voltage of the battery cell
12 by measuring the voltage difference over the pins S+ and
S— by means of an internal A/D convertor 21. Via a second
bus 40, separate from the power bus 30, the main control
unmt 20 can send commands to each of the slave units 15, e.g.
to 1nstruct a particular slave unit to measure the cell voltage
of the corresponding battery cell 12, and when the value 1s
measured and digitized by means of an A/D convertor 21,
this particular slave unit can send the measured voltage
value via the data bus 40 to the main control unit 20. The
interested reader 1s kindly referred to EP2302757A1 {for
more details.

The second bus 40 can e.g. be a (well known) CAN bus.
However, as the slave units 15 are connected to the storage
elements 12, which are connected 1n series, the slaves 15 are
at different potentials, and therefore they cannot be con-
nected directly to the second bus 40, but need to be con-
nected via galvanic separation means, such as e.g. opto-
coupling.

FIG. 2 shows one of the balancing units 15 of the
rechargeable energy storage system of FIG. 1 in more detail.
As the control and purpose of the switches SW1 and SW2
1s described in EP2302757A1. Node “P”, 1s where power 1s
injected from the power bus 30 via the series capacitor 19,
and the node “C” 1s the node through which the micro-
controller 18 and the main control unit 20 can communicate
via the second bus 40. The communication interface 1s not
described 1n detail in EP2302757A1.

There 1s a need for another method and system for
providing power and data on a bus.

SUMMARY OF THE INVENTION

It 1s an object of embodiments of the present invention to
provide an alternative method and system for addressing
individual slaves connected to a main control unait.

This objective 1s accomplished by a system and a method
according to embodiments of the present invention.

In a first aspect, the present invention provides a system
for providing power and data signals from a main control
unit to at least one slave unit via a first bus; the main control
umt comprising a first AC signal generator adapted for
providing a first AC signal comprising a plurality of first
pulses for providing power to the at least one slave unit via
the first bus; each slave unit being AC-coupled to the first
bus by means of a {irst series capacitor (or capacitive circuit,
or capacitive device), each first series capacitor (or capaci-
tive circuit, or capacitive device) being arranged for con-
verting the first pulses provided at its input into second
pulses at its output; the main control unit being adapted for
sending data to the at least one slave unit by modulating the
plurality of first pulses; the at least one slave unit being
adapted for receiving the data by demodulating the plurality
of second pulses. The pulses are preferably block or square-
wave pulses as the electronic components therefor are
economical to purchase. Embodiments of the present inven-
tion modulate and demodulate sequences of pulses using
methods for converting a data signal to be transmitted 1nto
a pulse train. The pulses may be binary pulses, 1.¢. they have
a “high” and a “low” value. The master unit includes pulse
generator and a transmitter to transmit the modulated pulses
and the slave has a receiver. The pulses can be binary pulses
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and the master has a binary pulse generator and transmitter,
and the receiver has a binary pulse demodulator. The data
information can be carried on a detectable characteristic of
the pulses, such as the amplitude of a signal, or the infor-
mation can be carried along the time axis of the signal.
Embodiments of the present invention can make use of pulse
amplitude modulation, pulse position modulation (PPM),
pulse width modulation (PWM), pulse frequency modula-
tion (PFM), pulse interval modulation (PIM), Pulse Count
Modulation etc. In particular the pulses have at least one
edge or flank. The pulses can have a rising or falling edge or
flank which can be used as a reference point 1n a demodu-
lation of the data information from the received signal. A
pulse amplitude or a time diflerence between pulse edges or
flanks can be associated with a bit value which 1s one part
ol the data information received. In a preferred embodiment,
the pulse edges or flanks may be a first pulse edge or flank
on one pulse and a second pulse edge or flank on a second
pulse. The pulse edges or flanks may be rising edges or
falling edges, whereby leading edges are preferred. The
pulse edges or flanks may be a first pulse edge or flank on
one pulse and a second pulse edge or tlank on the same
pulse. This defines a width of the pulse.

Alternatively pulse trains may be received at the slave
unit and can be counted, whereby the count number 1s
associated with a certain bit value. A particular high state of
the pulse or low state of the pulse (e.g. of a certain length
that distinguishes can be used as a stop signal and/or start
signal for the counting.

As well as or 1nstead of transmitting data and power from
a master unit to a slave unit, the systems of the present
invention may transmit data information from a slave to a
master, whereby similar pulse trains can be used. For
example the communication may be time divided, 1.e. a time
period 1s allocated for data to be sent from the master to the
slave unit and another time period is allocated for the slave
to send data to the master unit and/or to other slave units.

It 1s noted that instead of a single first series capacitor
associated with a slave unit, also a combination of capaci-
tors, €.g. two or more series capacitors, may be used. For
example a circuit of components that provide a capacitance
value to the circuit can be used. The circuit or imndividual
capacitor may be described as a “capacitive device” or a
“capacitive circuit” meaning a device or circuit which
possesses a capacitance value and acts like a capacitor, 1.¢.
that 1t blocks a DC voltage signal and allows through an
alternating signal such as a square wave—although the
signal after passing the D blocking capacitor may be dis-
torted.

According to this embodiment, power pulses and data are
provided on the same bus, 1.e. on the same physical con-
ductor, e.g. wire.

In an embodiment, the system comprises only one slave
unit. In another embodiment, the system comprises a plu-
rality of slave units connected to the first bus, for example
two slave units (uniquely addressable by 1 bit), or from three
to four slave units (umiquely addressable by 2 bits), or from
five to eight slave units (umiquely addressable by 3 bits), or
more than eight slave units. It 1s an advantage of the
power-and-data-bus that a single bus can be used to provide
power and data to all the slave units. In this case, the
protocol may use e.g. broadcast-commands (1.e. commands
intended for all slaves), or may send specific commands to
address only one or a subset of the slaves.

By coupling the at least one slave unit to the first bus via
a lirst series capacitor or first capacitive circuit or {first
capacitive device, the at least one slave unit 1s galvanically
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separated from the first bus. This may be useful in applica-
tions where contactless power and data-transmission 1s
required, e.g. in medical applications for establishing com-
munication between a master device outside of the body and
an 1mplanted device, e.g. for releasing a medicament, or 1n
systems having a large number of slaves at a different
potential (e.g. 1n a rechargeable energy storage system
comprising a string of rechargeable energy storage devices
coupled 1n series), or in metering systems for safety-reasons.

It 1s known 1n the prior art to send power and data on a
single bus, by superposition of a data signal and a power
signal. However, as far as known by the inventor, no prior
art circuits exists for providing pulsed power and data over
a single bus, by modulating the pulsed power signal itself, 1n
combination with AC-coupling through a series capacitor,
capacitive circuit or capacitive device. A possible explana-
tion may be because the signal at the output of a series
capacitor can be heavily distorted, and therefore assumed to
be diflicult to be used as a baseband data signal. However,
the inventors have found that such a distorted signal can still
be used for effectively providing both power and data. One
of the enabling factors for the present invention 1s (1) the
availability of small programmable micro-controllers at an
economical price, which allows a square or block-wave with
varying modulation characteristics, such as timing charac-
teristics, to be easily generated, and (2) this allows digital
processing of an incoming distorted signal (e.g. to detect a
characteristic of the pulses such as to detect the time 1nstance
of arrival of the rising edge, a frequency change, a special
stop pulse, etc). It should be mentioned, however, that
capacitive coupling typically work less well for long lines
(e.g. longer than 20.0 m), but this technique 1s very well
suitable 1n applications like energy storage systems such as
¢.g. battery packs having outer dimensions smaller than e.g.
5.0 m, preferably smaller than 3.0 m.

One of the main advantages of embodiments of the
present mvention 1s that the present system can be built by
means of very simple hardware for transmitting data (by the
main control unit) and receiving the data (by the slave), as
opposed to the prior art circuits, which either don’t provide
galvanic separation, or require more complicated hardware,
such as e.g. described 1n FR2612019(A1), where the master
umt and each slave require a transformer, which is heavier,
and more bulky and more expensive than a capacitor. Cost
1s a very important factor in systems where a plurality of
slave units are required, such as e.g. 1n a rechargeable battery
system with multiple balancing unaits.

Different kinds of first pulses may be applied, e.g. rect-
angular pulses, triangular pulses, pulses with a trapezoidal
shape, etc. but square-wave or rectangular pulses are pre-
terred due to the simplicity of the electronic components that
can be used. And the pulse waveforms can be modulated 1n
several ways, e.g. by pulse amplitude modulation, pulse
count modulation, pulse width modulation (PWM) or pulse
position modulation (PPM), etc., each of which 1s an
embodiment of the present invention.

By using a bus, the power and data can be delivered to a
plurality of slave units with a reduced number of wires, as
compared to the case where the main control unit 1s con-
nected to each of the slave units individually.

It 1s an advantage of embodiments of the present mnven-
tion that the power pulses are modulated themselves for
transmitting the data, because 1t allows data to be sent at the
same time as power 1s being sent, as opposed to systems that
use separate data pulses and separate power pulses, €.g. 1n an
interleaved manner. If the power supply (providing the
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power pulses) 1s not interrupted during data-communication,
less decoupling 1s required 1n the slave units.

In an embodiment of the system, the main control unit 1s
adapted for providing the first AC signal such that the first
pulses have a rising or falling edge; the main control unit 1s
adapted for sending the data by changing a characteristic of
these pulses such as amplitude or the time distances between
the rising (or falling) edges of consecutive first pulses or
rising and falling edges of one pulse; at least one slave unit
1s adapted for receiving the data by determining the char-
acteristic ol these pulses such as amplitude or the time
distances between edges, e.g. between the rising (or falling)
edges of consecutive second pulses, or the rising and falling
edges of one pulse, and for translating the determined time
distances to corresponding data-symbols.

By detecting only the rising (or falling) leading edges of
the pulses, additional circuitry for detecting the negative
edges, which on the second pulses may assume a negative
voltage level, can be omitted. This further simplifies the
detection circuit. The time distance 1s preferably measured
between the rising (or falling edges) edges of successive
pulses.

In embodiments of the present invention, the position of
the negative edge need not be important for the data com-
munication. If all pulses have the same waveform (in
particular, same width), this modulation 1s known as Pulse
Position Modulation, but that 1s not absolutely required 1n
the present invention, and the width of the pulses may be
constant or may vary.

In an embodiment, the first AC signal generator 1s adapted
for generating substantially rectangular pulses.

Substantially rectangular (first) pulses can be easily gen-
erated, e.g. by means of a switch and a constant DC current
source or a tlip-tlop circuit. The timing of such pulses can be
casily determined by opening and closing the switch at
proper time 1nstances. At the transmitter side, such time
instances can be easily generated by using a timer interrupt
ol a microprocessor. At the receiver side, the time distances
between rising (or falling) edges can be easily measured by
using an input-pin having interrupt capabilities such that an
interrupt 1s automatically generated at a rising edge of the
signal at the mput pin. This requires only a small, e.g.
mimmal amount of processing power, both at the transmaitter
and receiver side, and may be implemented by existing
microprocessors, €.g. low cost microcontrollers.

In an embodiment, the main control unit and the at least
one slave unit are adapted for applying resp. detecting at
least a first and a second predetermined timing of edges e.g.
the time distance corresponding to a first resp. a second data
symbol.

For example, the first data symbol could be a zero-bit ‘0’
and the second data symbol could be a one-bit “1°. In this
case the signal generator would send one data-bit along with
cach power pulse. For example, 11 the AC signal 1s a 10 kHz
(modulated) pulse-train, then the raw data-rate on the bus
(1.e. including protocol overhead) would be 10 kbits/s. The
net data-rate that can be sent by the master unit to the one
or more slaves, depends on the protocol being used. As 1s
well known 1n the art, 1n case no net data 1s to be sent, the
AC si1gnal generator may send e.g. “dummy packets™ on the

bus.

In an embodiment, the main control unit and the at least
one slave unit are adapted for applying resp. detecting at
least a first, a second, a third and a fourth amplitudes or
timings ol edges, e.g. time distances, corresponding to a
first, resp. second, third and fourth data symbol.
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In this case the signal generator would send two data-bit
along with each power pulse. For example, 1t the AC signal
1s a 10 kHz (modulated) pulse-train, then the raw data-rate
on the bus (1.e. including protocol overhead) would be 20
kbits/s. The invention 1s however not limited to only one or
two data-bits per symbol, and more than two data-bits, e.g.
three or four, or even more than four bits/pulse may also be
used.

In an embodiment, the main control unit and the at least
one slave unit are adapted for applying resp. detecting at
least a first, a second and a third amplitude or tiling of edges
such as time distances corresponding to a first, resp. a second
and a third data symbol, the third data symbol being a
dummy data symbol.

For example, the first data symbol could be a zero-bit ‘0’
and the second data symbol could be a one bit ‘1°, and the
dummy data symbol could be a dummy bit. In this case the
signal generator could apply the third timing or amplitude or
time distance between power-pulses, when no data 1s to be
sent, only power. Such a protocol may have the advantage
that the decoding process at the recerver side 1s simpler, and
may require less processing power, since no dummy data
needs to be processed. Such embodiments may also be more
robust to framing errors, €.g. when the dummy data are sent
between different packets.

If for example data 1s sent in frames or series or com-
mands of 8 bits each, then the dummy-data-symbol may be
used e.g. as a command separator (like a start-bit), or as a
clock-signal. But the protocol may also use less than 8 bits
per frame, or more than 8 bits per frame.

In an embodiment, the system 1s a rechargeable energy
storage system comprising a string of rechargeable energy
storage devices coupled 1n series, and each slave unit 1s a
balancing unit for charging or discharging one of the
rechargeable energy storage devices.

In this example, the power placed on the first bus 1s
primarily intended for loading the rechargeable energy
devices (e.g. battery cells), and only a fraction of the power
injected on the first bus 1s used by the balancing unit 1tself
(e.g. Tor controlling switches, for measuring the voltage, for
communicating).

In an embodiment, the system further comprises a second
bus, connected between the main control unit and the at least
one slave unit by means of a galvanic decoupling element
for communicating data from the at least one slave unit to
the main control unit.

The second bus may be distinct from the first bus.
Preferably the second bus 1s connected to all slave units. The
data-communication on the first bus would typically be
called “down-link”, while the data-communication on the
second bus would typically be called “up-link™.

The second data channel could be e.g. an I°C bus, or a
CAN-bus, or any other uni-directional or bi-directional bus
known by the skilled person, (although this bi-directional
bus may only be used 1n a single direction, 1.e. from the slave
to the main unit 1n certain embodiments), and the galvanic
decoupling element could be e.g. an opto-decoupling ele-
ment having a I°C bus interface or a CAN-bus interface, or
the like.

Such an embodiment would allow the one or more slave
unit to communicate back to the main control unit. For
example, 1n case of a rechargeable energy storage system
having a plurality of slave units, the slave units could
communicate the voltage level of the corresponding energy
cell to the main control unit.

This embodiment offers the advantage that bi-directional
communication 1s possible (from main umt to slave units
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over the first bus, and from slave units to the main unit over
the second bus) with galvanic separation, without having to
use opto-coupling in both directions: from the main control
unit to the slave unmt(s) and back.

In an embodiment, the at least one slave unit 1s adapted for
sending data to the main control unit over the second bus, for
instance synchronously with the first AC signal.

In synchronous embodiments, one of the slaves would
place data (e.g. one bit) on the second bus (e.g. via an
opto-coupler), shortly (e.g. immediately) after detecting the
rising edge of a power pulse.

Pulse-position-modulation (PPM) may be used both on
the first bus and on the second bus, but that 1s not absolutely
required, e.g. the second bus may also use another type of
modulation, such as e.g. pulse-width-modulation (PWM),
pulse amplitude modulation or pulse count modulation.
However, 1n some of these cases the main unit has to be able
to detect both the rising edge and falling edge of the pulses
sent by the slave units.

The shape of the pulses sent by the main unit and of the
shape of the pulses sent by the slaves need not be the same.
For example, the pulses sent by the main unit may be
triangular and the pulses sent by the slaves may be rectan-
gular, but 1t 1s preferred that rectangular pulses are sent by
both the main unit and the slaves.

In some embodiments of the system, no actual data 1s sent
by the main control unit and any of the slave units at the
same time. In the example above with three predefined
time-diflerences, the third time-distance corresponding to
“no-data” may be used on the down-link at the moment
when one of the slaves 1s communicating via the up-link
channel. By continuing to send pulses from the main unit,
with/without data, all units can easily and efliciently remain
synchronized, e.g. by counting the pulses, and data-collision
from the slaves can be avoided. The data-rate on the second
bus can be increased as compared e.g. to using an RS232-
timing-protocol.

In an embodiment of the system with a second bus, the
galvanic decoupling element 1s a second series capacitor
capacitive circuit or capacitive device; the at least one slave
unit 1s adapted for providing a second AC signal comprising
a plurality of third pulses having a rising edge (or falling
edge) to the second series capacitor, capacitive circuit or
capacitive device, whereby the amplitude or timing of edges
¢.g. the time distances between the rising edges (or falling
edges) of consecutive third pulses are modulated according
to the data to be sent from the slave unit to the main control
unit; the main control umit i1s adapted for detecting the
amplitude or timing of edges e.g. the time distances between
the rising (or falling) edges of fourth pulses originating at an
output of the second series capacitors, capacitive circuits or
capacitive devices when the third pulses are applied to 1ts
input.

In a first example of this embodiment, the second bus and
the first bus are one and the same bus, and the second and
first capacitors, capacitive circuits or capacitive devices are
one and the same capacitors, capacitive circuits or capacitive
devices. In this example a single bus 1s used to transfer
power and/or data from the main control unit to the slaves,
and data from the slaves to the master. The data from the
slaves may e.g. be put on the bus, when the main control unit
1s silent. The data from the slaves may e.g. be mterleaved
between commands sent by the main control unit, e.g. during,
a relatively short or a relatively long period during which the
main control unit 1s not putting power pulses on the bus.
Using a single bus for power and forward and backward
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communication, oflers the advantage of requiring only a
single bus (hence the advantages of less wires, less handling,
less connections, lower cost).

In another example of this embodiment, the first bus and
the second bus are distinct from each other. This offers the
advantage that the forward and backwards communication
may occur 1n parallel, and that no power pulses occur on the
second bus, which may allow simpler and cheaper 1mple-
mentation, 1n hardware, e.g. because lower amplitudes may
be used for the pulses sent by the slaves, and/or less
disturbance occurs on the busses, and/or less capacitive
decoupling required for the slaves because the power deliv-
ery over the first bus may continue, and/or less data bufl-
ering may be required, and/or in software, e.g. simpler
protocol. In either case, the back-communication (from the
slaves to the main control unit), whether sent on a single bus
(between bursts of power pulses) or on a separate second
bus, may occur on substantially the same clock frequency as
the frequency of the first AC signal, or on a different clock
frequency.

Using second series-capacitors, capacitive circuits or
capacitive devices oflers the sigmificant advantage that no
opto-coupling units are required at all, not in the down-link
channel and not in the up-link channel. This saves cost,
saves board space, reduces labor, and increases reliability
(having the advantage of less components).

The amplitudes, pulse counts or duration of the predefined
time distances (or pulse-widths or the like) for each data
symbol, e.g. ‘0’ or ‘1’ used by the slave units for sending
data, may be the same as, or diflerent from the amplitudes,
pulse counts or duration of the time distances used by the
main control umit when sending data. The number of bits per
pulse used for the down-link-communication may be the
same as, or different from the number of bits per pulse for
the up-link communication.

According to a second aspect, the present invention
provides a method for providing power and data signals
from a main control unit to at least one slave unit via a first
bus, the at least one slave unit being AC-coupled to the first
bus by means of one or more series capacitors, capacitive
circuits or capacitive devices, the method comprising the
steps of: a) providing combined power and data signals from
the main control unit to the at least one slave unit by
generating a first AC signal comprising a plurality of first
pulses, and by applying the first AC signal to the first bus;
b) receiving the first pulses at the mput of the one or more
series capacitors, capacitive circuits or capacitive devices,
and providing second pulses at the output of the one or more
series capacitors, capacitive circuits or capacitive devices; ¢)
sending the data from the main control unit to the at least one
slave unit by modulating the plurality of first pulses; d)
receiving the data in the at least one slave unit by demodu-
lating the plurality of second pulses. Preferably the at least
one slave unit 1s a plurality of slave units, all being con-
nected to the first bus.

In an embodiment of the method, the first AC signal 1s
generated such that the first pulses have a rising (or falling)
edge; the modulation of the first pulses 1s done by changing
the time distances between the rising (or falling) edges of the
same or consecutive first pulses; the demodulation of the
second pulses 1s done by detecting the time distances
between the rnising (or falling) edges of the same or con-
secutive second pulses, and by translating the determined
time distances to corresponding data-symbols.

In an embodiment, the first AC generator applies a first
resp. second predetermined time-distance for transmitting a
first resp. second data symbol; and the at least one slave unit
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demodulates the second pulses by measuring the time dis-
tances between the rising (or falling) edges of the same or
consecutive second pulses, and by selecting one of the two
predefined time distance corresponding to the measured time
distance, and by translating the selected time distances to
corresponding first and second data symbols.

Selecting the “corresponding’” predefined time distance 1s
typically performed by calculating the difference between
the measured time distance and each of the predefined time
distances corresponding to the data symbols, and by select-
ing the one with the smallest absolute difference value, but
other techniques may also be used.

In an embodiment, the first AC generator applies a first,
resp. second and third predetermined time distance for
transmitting a first, resp. second and third data symbol, e.g.
‘0, °1°, *x’, the third data symbol being a dummy data
signal; and wherein the at least one slave unit demodulate
the second pulses by measuring the time distances between
the rising (por falling) edges of the same or consecutive
second pulses, and by selecting one of the first, second and
third predefined time distances corresponding to the mea-
sured time distance, and by translating the selected time
distance to corresponding first, second and third data sym-
bols, the third data symbol being a dummy data signal.

In an embodiment, the at least one slave unit 1s further-
more communicatively coupled to a second bus by means of
a galvanic decoupling element, and the method furthermore
comprising the steps of communicating data from one of the
slave units via the second bus to the main control unit,
synchronously or asynchronously with the first AC signal.

When using an opto-coupler as the galvanic decoupling
clement, the data output of the slaves 1s not distorted, and the
main unit can easily detect rising and falling edges of
rectangular pulses sent by the slaves. In this case the slaves
can use e.g. pulse-position-modulation or pulse-width-
modulation or RS-232 modulation.

When capacitive coupling 1s used for communication
from the slaves to the main unit, the signals may be
distorted. If the slaves send rectangular pulses and use
pulse-width-modulation (PWM) the main unit will have to
be able to detect both rising and falling edges for decoding
the data. It the slaves use pulse-posﬂmn-modulatlon (PPM),
the main unit only needs to detect the rnising edges. Other
modulations can be used such as amplitude modulation or
pulse count modulation.

The slave units may use the same (or substantially the
same) clock frequency for sending data as was used for the
first pulses, but that 1s not absolutely required, and the slave
units may also use an unrelated clock frequency, for example
based on a local oscillator. The clock frequencies of the
different slaves should, however, be substantially the same.
It 1s an advantage of using synchronous communication,
that the data-rate can be much higher than with the asyn-
chronous communication.

By using an appropriate protocol, collision ol messages
on the back-channel can be avoided. Several protocols are
possible, e.g. a protocol where the master first sends a
message or command to one particular slave, where after
that one slave 1s given time to respond on the second bus.
When the first slave has sent its data, the master addresses
the next slave, etc. But other protocols can also be used.

Particular and preferred aspects of the mvention are set
out 1n the accompanying independent and dependent claims.
Features from the dependent claims may be combined with
teatures of the independent claims and with features of other
dependent claims as appropriate and not merely as explicitly
set out 1n the claims.
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These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiment(s)
described hereinafter.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 shows a rechargeable energy storage system com-
prising a plurality of rechargeable cells connected in series,
as known 1n the art.

FIG. 2 shows one of the balancing units of the recharge-
able energy storage system of FIG. 1 in more detail.

FIG. 3 shows a rechargeable energy storage system
according to embodiments of the present invention.

FIG. 4 shows an enlarged block-diagram of an example of
a slave unit as can be used 1n the system of FIG. 3.

FIG. 5 shows a circuit schematic for part of the slave unit
of FIG. 4, to illustrate how the communication from the
slave unit to the main control unit can be established using
opto-coupling devices, the second switch being omitted of
the drawing for clarity reasons.

FIG. 6 1s an example of a simple test-circuit known in the
art, Tor explaining how first pulses having a rising edge (e.g.
steep rising edges of rectangular pulses) are transtformed 1nto
second pulses having a rising edge (e.g. a steep rising edge
tollowed by a level decay). The rising edges of the second
pulses occur substantially simultaneously with the rising
edges of the first pulses.

FIG. 7A shows an example of a pulsed power waveform
comprising first pulses having a rising edge, whereby the
distance between the rising edges of the first pulses 1is
modulated according to data being transmitted from the
main control unit (master) to the slave units.

FIG. 7B shows an example of second pulses obtained at
the output of the circuit of FIG. 6, when the wavelorm of
FIG. 7A 1s applied to 1ts mput.

FIG. 7C illustrates a further embodiment of pulsed power
wavelorms

FIG. 7D to FIG. 7H illustrate further embodiments of
pulsed power wavelorms.

FIG. 71 1llustrates how the value of a decoupling capacitor
can be calculated.

FIG. 8 shows an embodiment of a system according to
aspects of the present imnvention, whereby the main control
unit 1s adapted for sending power and data to a plurality of
slaves, but there 1s no return-channel from the slaves to the
main unit.

FIG. 9 shows an example of a slave unit as can be used
in the system of FIG. 8.

FIG. 10 shows an embodiment of a system according to
aspects of the present mnvention, whereby the main control
unit 1s adapted for sending power and data to a plurality of
slaves over a bus, and whereby the slaves are adapted for
selectively sending data to the main control umt over the
same bus.

FIG. 11 shows an example of a slave unit as can be used
in the system of FIG. 10.

FIG. 12 shows an embodiment of a system according to
aspects of the present imnvention, whereby the main control
unit 1s adapted for sending power and data to a plurality of
slaves via a first bus, and whereby the slaves are adapted for
selectively sending data to the main control unit over a
second bus, different from the first bus.

FIG. 13 shows an example of a slave unit as can be used
in the system of FIG. 12.

The drawings are only schematic and are non-limiting.

In the drawings, the size of some of the elements may be
exaggerated and not drawn on scale for illustrative purposes.
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Any reference signs in the claims shall not be construed
as limiting the scope. In the different drawings, the same
reference signs refer to the same or analogous elements.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

The present invention will be described with respect to
particular embodiments and with reference to certain draw-
ings but the imvention 1s not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the
clements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative
dimensions do not correspond to actual reductions to prac-
tice of the invention.

Furthermore, the terms first, second and the like 1n the
description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing,
a sequence, either temporally, spatially, 1n ranking or 1n any
other manner. It 1s to be understood that the terms so used
are 1nterchangeable under appropriate circumstances and
that the embodiments of the invention described herein are
capable of operation in other sequences than described or
illustrated herein.

Moreover, the terms top, under and the like 1n the descrip-
tion and the claims are used for descriptive purposes and not
necessarily for describing relative positions. It 1s to be
understood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of the
invention described herein are capable of operation 1n other
orientations than described or illustrated herein.

It 1s to be noticed that the term “comprising”, used 1n the
claims, should not be interpreted as being restricted to the
means listed thereafter; 1t does not exclude other elements or
steps. It 1s thus to be interpreted as specilying the presence
of the stated features, integers, steps or components as
referred to, but does not preclude the presence or addition of
one or more other features, integers, steps or components, or
groups thereol. Thus, the scope of the expression “a device
comprising means A and B should not be limited to devices
consisting only of components A and B. It means that with
respect to the present invention, the only relevant compo-
nents of the device are A and B.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described 1n connection with the
embodiment 1s included i one or more embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring,
to the same embodiment, but may. Furthermore, the particu-
lar features, structures or characteristics may be combined 1n
any suitable manner, as would be apparent to one of ordinary
skill 1n the art from this disclosure, 1n one or more embodi-
ments.

Similarly 1t should be appreciated that 1n the description
of exemplary embodiments of the invention, various fea-
tures of the mvention are sometimes grouped together 1n a
single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the
understanding of one or more of the various inventive
aspects. This method of disclosure, however, 1s not to be
interpreted as reflecting an intention that the claimed nven-
tion requires more features than are expressly recited 1n each
claiam. Rather, as the following claims reflect, inventive
aspects lie 1n less than all features of a single foregoing
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disclosed embodiment. Thus, the claims following the
detailed description are hereby expressly incorporated into

this detailed description, with each claim standing on its own
as a separate embodiment of this invention.

Furthermore, while some embodiments described herein
include some but not other features included in other
embodiments, combinations of features of different embodi-
ments are meant to be within the scope of the invention, and
form different embodiments, as would be understood by
those 1n the art. For example, 1n the following claims, any of
the claimed embodiments can be used 1n any combination.

In the description provided herein, numerous specific
details are set forth. However, 1t 1s understood that embodi-
ments of the invention may be practiced without these
specific details. In other istances, well-known methods,
structures and techniques have not been shown 1n detail 1n
order not to obscure an understanding of this description.

When in the present document reference i1s made to
“data”, reference 1s made to any kind of data, including e.g.
payload data, address information, commands, etc. How the
data 1s interpreted, 1s a matter of the communication protocol
used between the main control unit and the slave units.
Although some aspects of a possible protocol will be
described in more detail, the 1nvention 1s not limited thereto,
and other protocols can be used as well.

When 1n the present document reference 1s made to “rise
time” of a “rising edge” of a signal changing from a “low”
voltage level to a “high” voltage level, reference 1s made to
the time taken by the signal to change from a 10% value to
a 90% value of the step from the low to the high level. For
example, where the pulsed signal 1s a rectangular block-
wave with a 12 V amplitude (varying between 0 V and 12
V), the rise time 1s defined as the time required for the signal
to change from 1.20 V to 10.80 V.

Where embodiments are described using rising edges
these may also be implemented using falling edges. Leading
edges can be preferred to trailing edges when determining
timings.

Embodiments of the present invention can be used with
energy storage systems but the present invention 1s not
limited to energy storage systems alone, but can also be used
in other applications where a main control unit is to provide
power and data to one or more slave units, while being
galvanically separated therefrom. The principles of the pres-
ent mvention may for example also be used in medical
applications, where one or more slave devices are implanted
in a body, and where a main control unit, external to the
body, provides power and data to the slave devices via
capacitive coupling. Another application may be an access-
control system, whereby the main control unit 1s part of a
badge reader, and the slave units are part of an access card.

First Embodiment

FIG. 3 to FIG. 7 will be used to explain the main
principles of an embodiment of the present invention.

FIG. 3 shows a system 113 according to aspects of the
present invention. The system 113 1s a variant of the energy
storage system 13 of FIG. 1, but this 1s not intended to limat
the invention to energy storage systems. When comparing
the block-diagram of FIG. 3 with that of FIG. 1, 1t becomes
immediately clear that the main difference between both
systems 113, 13 1s that the data from the main control unit
120 to the one or more slave units 115 occurs over the first
bus 130 instead of over the second bus 140, as indicated by
the arrows “power and data™ and *“data”. While not directly
evident from FIG. 3, this offers the important advantage that
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the second bus 140 can now be uni-directional instead of
bi-directional. When using opto-couplers, this means that
one of the two opto-couplers (one for each direction) can be
omitted per slave 115. This 1s a major advantage in terms of
board space and component cost, especially 1n systems such
as energy storage systems having a plurality of slaves, e.g.
having at least eight, or at least sixteen, or at least thirty-two
slaves, or even more. In addition, the traflic over the second
bus 140 1s reduced (as compared to the system 13 of FIG. 1),
which may allow for using slower interfacing devices, e.g.
slower opto-couplers, which may further decrease the com-
ponent cost. This may also reduce noise, EMC and EMI
problems, and thus increase system reliability.

An important aspect of the present invention, 1s how both
power and data can be transmitted over the same bus 130,
which bus 1s galvanically decoupled from the slaves 115 by
means ol series capacitors 119, as will be described next.

FIG. 4 shows an embodiment of a slave unit 115 as can
be used 1n the energy storage system 113 shown 1n FIG. 3.
The power and data signal (emanating from the main control
unit 120) 1s provided to the slave umit 1135 via input note P.
As explained with relation to FIG. 1 and FIG. 2, a portion
of the power 1s used for the local power supply 122, and
another portion may be transierred to an external device, 1n
this case the battery cell 12 (not shown i FIG. 4), by
controlling the switches SW1, SW2 1n a similar manner as
described 1n the prior art mentioned above. The micro-
controller 118 can receive data from the main control unit
120 via the line RX, and can transmit data to the main
control unit 120 via the line TX. Whereas 1n FIG. 2, the
communication lines RX and TX both go to the node “C”,
in the slave umit ol FIG. 4, only the line TX (for transmitting)
data goes to node “C”, while the line RX (for receiving data)
1s connected to node P. The important advantage of this
difference may not be immediately apparent from the block-
diagram of FIG. 4, but will become apparent from a sche-
matic diagram, an example of which 1s shown 1n FIG. 5§,
although the present invention 1s not limited to this sche-
matic only, but other schematics may also be used.

FIG. 5 shows the slave unit 115 of FIG. 4 1n more detail,
apart from the second switch SW2, and some decoupling
capacitors, capacitive circuits, or capacitive devices, which
are omitted for clarity purposes. The local power supply 122
1s shown as a block-diagram, but such circuits are well
known 1n the art, and therefore need not be shown or
described 1n further detail here. C2 1s the series capacitor (or
capacitive circuit, or capacitive device) for passing the
power to the local power supply 122 and for charging the
battery cell 12 (not shown) while blocking the DC-compo-
nent. Capacitor C2 (or capacitive circuit, or capacitive
device) corresponds to capacitor 119 i FIG. 3, but as
shown, a second capacitor C1 (or capacitive circuit, or
capacitive device) 1s optionally connected 1n parallel to C2
for making the communication more reliable and less depen-
dent on the state of the battery element 12 and the state of
the switch SW1. If present, the value of C1 1s typically a few
orders of magnitude smaller than that of C2. Alternatively
the capacitor C1 (or capacitive circuit, or capacitive device)
may be omitted, in which case the resistor R1 would be
connected to the output of C2, but in this case the commu-
nication signal would be weak 1n case the first switch SW1
would be closed, and the voltage of the corresponding cell
12 (not shown 1n FIG. 5) would be low. Adding a separate
data path (through the series capacitor C1 (or capacitive
circuit, or capacitive device) between the bus 130 and the
slave unit 115, offers the advantage of not having to open the
switch SW1 when data 1s to be received. This makes the
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communication more reliable, and also simplifies the soft-
ware of the micro-processor 118. The switch SW1 can be
¢.g. a bipolar transistor, or a FET, or a thyristor, or any other
suitable switch known 1n the art. An output-stage of the
opto-1solation component 135 may be powered from the
main control unit 120 by means of power signal PP. The
micro-controller 118 preferably has at its inputs clamp-
diodes (not illustrated) which prevent that the voltage level
at the mput pins exceeds far (e.g. more than 0.5 V) above
VDD or far (e.g. more than 0.5 V) below local GND. The
ground pin GND of the micro-controller 118 would typically
be connected to the low voltage level of the battery cell 12
via the S— node. This allows the capacitor C1 (or capacitive
circuit, or capacitive device) to be coupled via a simple
resistor R1 to an iput pin of the micro-controller 118
without damaging it. Due to this, the negative part of the
pulses P2 would substantially disappear (on the inside of the
micro-controller). If this slave umt 115 were to be used 1n the
prior art system 13 of FIG. 1, the capacitor C1 (or capacitive
circuit, or capacitive device) and the resistor R1 could be
omitted, but another (uni-directional) opto-1solation compo-
nent would have to be added for the data recerved by the
micro-controller, which would occupy more board space,
and increase the cost.

Having described the structure of the system 113, and 1n
particular of the slave units 115, its working will now be
described referring to FIG. 6 and FIG. 7.

First, 1t will be explained, by means of the simple test
circuit of FIG. 6, how first pulses P1, e.g. rectangular pulses,
generated by the main control unit 120 and the AC signal
generator 114 (see FIG. 3) are transformed (distorted) into
non-rectangular second pulses P2 by the series capacitors
119 (or capacitive circuits, or capacitive devices). It 1s well
known 1n the art, that rectangular pulses P1 with steep rising
edges rl, are transformed by a series capacitance 1into second
pulses P2 with steep rising edges r2 occurring substantially
simultaneously with the rising edges rl of the first pulses P1,
but then decay exponentially over time. The exact size and
shape of first and second pulses P1, P2 1s not of prime
importance for the embodiments of the present invention to
work, as long as the pulses are suitable for providing a
suilicient amount of power to the slave units 115, and as long
as the relevant characteristic of pulses which 1s used for
transferring information can be extracted at the slave. For
example, 1n some embodiments the slave units 115 are able
to measure a time difference between the rising edges r2a
and r2b of successive pulses P2 with suflicient accuracy, as
will be explained further. In the rechargeable energy system
113 of FI1G. 1 and FIG. 3, the power pulses P1 are preferably
rectangular pulses with a predetermined amplitude, for
instance 12 V, at a predetermined frequency, for instance 10
kHz or 25 kHz, and having a predetermined duty cycle, for
instance a duty cycle of about 50%. Other amplitudes larger
or smaller than 12 V may however also be used, such as e.g.
5 V or about 6 V or about 24 V, and other frequencies and
duty cycles, may also be used.

FIG. 7A, FIG. 7B and FIG. 7C show the principle of how
data can be communicated from the main control unit 120 to
the slave units 115 1n an embodiment of the present inven-
tion. For example, in the system 113 of FIG. 3, there 1s
modulation of the power pulses themselves. FIG. 7A and
FIG. 7C show an example of such a series of first pulses P1,
whereby the pulses have a rising edge, preferably a steep
rising edge, and whereby the distance (time difference)
between the rising edges of the subsequent first pulses P1 1s
modulated, 1 particular baseband modulated, according to
data to be transmitted from the main control unit 120 to the
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slave units 115. As a modulation technique, Pulse Position
Modulation, known 1n the art as “PPM”, may be used.
However, 1t 1s not absolutely required to use this techmque.
The wavetorm 1llustrated 1s a variant thereof, as 1n classical
PPM the high-time of each pulse 1s equal, while that 1s not
absolutely required for embodiments of the present inven-
tion. For embodiments of the present invention, only the
position of the rising edges 1s important. In other embodi-
ments the training edge may be used 1nstead. FIG. 7A shows
an example of a wavelorm generated by the AC signal
generator 114. The master unit has a transmitter for trans-
mitting the modulated AC signal. The AC signals can be
binary signals. It should be noted that 1t 1s not absolutely
required that rectangular pulses are used as the first pulses
P1, and triangular pulses, e.g. from a saw-tooth wavelorm
could also be used. However, rectangular pulses are advan-
tageous as they are extremely easy to produce by simple
clectronic circuits such as a micro-controller (as part of the
main control unit 120), e.g. by toggling a digital output pin
between ‘0’ and °1°, and applying that to the mputs of a so
called H-bridge. Such circuits are commonly used 1n motor
control circuitry, and thus need not be described 1n further
detail here. It 1s e.g. well known that the output of the
H-bridge can be active “low”, or active “high”, or “high
impedance”.

FIG. 7B shows an example of second pulses P2 appearing,
at the output of the series capacitor 119 (or capacitive circuit,
or capacitive device), when the wavetform of FIG. 7A or
FIG. 7C 1s applied at its input. The exact shape of the
wavelorm of the second pulses P2 may deviate from the
ideal wavetorm shown in FIG. 6, depending on the actual
impedance of the circuit “behind” the capacitance (at the
slave side). For example, in the circuit of FIG. 6, the
impedance 1s a single resistor R, in which case the second
pulses P2 decay as an exponential function. But in the case
of the circuit of FIG. 5, the impedance 1s that of a more
complicated circuit comprising the diode D2, the power
supply 122, a switch SW1 (which may be open or closed),
and optionally also the energy storage cell (not shown).
However, in these embodiments by choosing a suitable
modulation and demodulation technique, such as PPM, the
exact shape of the second pulses P2 1s less or not important,
and only the position between pulse edges such as, for
example, the rnising edges r2a, r2b of successive pulses 1s
important, which 1s the parameter being modulated.

In the example shown 1n FIG. 7A, FIG. 7B and FIG. 7C,
the time difference At between successive pulses can assume

one of a number of predefined values, e.g. three predefined
values: when no data 1s sent from the master control unit 120
to the slaves 115, a third predefined time difference At3
between subsequent pulses 1s used, corresponding to “no-
data” or “dummy bits”. These pulses only carry power, no
data. When a “17-bit 1s to be sent from the master control unit
120 to the salves 115, a second predefined time difference
At2 between subsequent pulses 1s used, corresponding to “1°
bits. Such pulses carry both power and data information.
When a ‘0’-bit 1s to be sent from the master control unit 120
to the slaves 115, a first predefined time difference Atl
between subsequent pulses 1s used, corresponding to ‘0’ bits.
Also these pulses carry both power and data information.
The second predefined time difference At2 between subse-
quent pulses may for instance be larger than the {first
predefined time difference Atl between subsequent pulses,
and the third predefined time difference At3 between sub-
sequent pulses may be smaller than the first predefined time
difference Atl between subsequent pulses. This, however 1s
not a requirement; the inverse may be the case, or both the
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second and the third predefined time difference At2, At3
between subsequent pulses may be smaller or larger than the
first predefined time diflerence Atl between subsequent

pulses. In an example where the frequency of the pulses on
the first bus 1s about 25 kHz, Atl, At2 and At3 may e.g. be

chosen equal to about 35, 40 and 45 microseconds, respec-
tively, (with a tolerance of e.g. less than 1.5 microseconds
cach), and may correspond to ‘0°, ‘1’ and no data respec-
tively, but other values may also be used.

The above description relates to embodiments of the
present mvention that can be described as using a form of

pulse frequency modulation (1.e. as shown 1n and described
with respect to FIGS. 7A, 7B, 7C). Modulation 1s achieved
by changing the period of the block wave to encode bits. One
period (At3) signals “1dle”, “dummy” or “no data”. Other
periods signal different bit combinations of one or more bits.
Demodulation 1s achieved by measuring the time between
rising edges and relating bits values to the different time
lengths.

Alternatively i further embodiments modulation may be
performed by keeping the period of the pulses constant but
by varying the on and ofl time of the block wave (FIG. 7D,
FIG. 7E). This 1s a form of pulse width modulation. In order
to demodulate, the time lapse 1s measured between rising
and falling edges of each pulse. The components of the
circuit shown 1n FIG. 6 are sized 1n order to retain measur-
able falling edges. Again, different bit combinations of one
or more bits (FIG. E) may be encoded in order to increase
bandwidth.

In accordance with further embodiments of the present
invention, a combination of the two former techniques may
be used, e.g. an 1dle signal 1s generated by a given period T1.
These pulses transmit only power. For data a different time
12 1s used (see FIG. 7F). The distinction between different
data values 1s achieved by varying the duty cycle inside T2.
This means that pulse width modulation 1s used inside the T2
duty cycle. Demodulation 1s somewhat simplified as a
simple period measurement can be used to determine
whether data 1s being sent or not. Once data reception 1s
started demodulation 1s performed by pulse with measure-
ments.

Yet another alternative embodiment of the present inven-
tion makes use of a modulation technique 1s shown 1n FIG.
7G. In this embodiment, the provision of a data signal 1s by
making a certain number of pulses to represent a bit value.
For demodulation pulses within one pulse train are counted
rather than time measured. To indicate when one pulse train
starts or stops a longer (see FI1G. 7G) or shorter 1dle time can
be used or a longer or shorter pulse than 1s used 1n the pulse
train for counting. For example with the pulse trains shown
in FIG. G a longer delay between pulses, 1.e. a longer low
value 1s used as a start/stop signal, and a simple time-out
counter can be used to determine when to reset the pulse
count. The advantage of this embodiment 1s that the carrier
frequency can be increased (e.g. x8) without the need for
increased processing power at the receiver side. In this way
the data bandwidth 1s maintained compared to previous
embodiments but the power transmitted to the slaves can be
increased or the coupling capacitors (319) or capacitive
circuits or capacitive devices can be decreased 1n size.

In yet another embodiment modulation can be performed
by using a block wave with more than one amplitude much
in a similar manner as different periods. This 1s a form of
amplitude modulation. In this case the modulation can be
performed by switching between power supplies having
different output voltages for the block wave, for example.




US 9,768,978 B2

17

This requires an extra switch at the sender side. For demodu-
lation an extra comparator may be required to determine the
original amplitude.

Embodiments of the present invention can also be used
for bi-directional data transmissions. For example, the slaves
can generate pulses data for transmission to a master or to
other slaves, e.g. in the form of a broadcast signal. For
example, a high impedance state may be generated within
the originally generated block wave timing or at any appro-
priate timeslot 1 any of the embodiments of the present
invention, e€.g. also with embodiments without stopping the
block wave generation. In this case the block wave can be
considered as a clock pulse train that allows synchronous
communication from slave to main controller. A slave com-
municates by generating a different types of pulse of 1ts own
on the data line during the high impedance state (see FIG.
7H). This pulse, 1ts position relative to the block wave and/or
its length can be detected by the main controller. These
parameters can be linked to bit patterns.

In any of the embodiments of the present invention the
s1ize of the decoupling capacitor at the slave unit or else-
where can be determined 1n the following way with refer-
ence to FIG. 71. The capacitor value of C1 1n FIG. 5 or C 1n
FIG. 6, for example can be calculated starting from the
discharge current of the capacitor which 1s calculated with
the formula:

[=U/R
When I 1s known, C can be calculated with next formula:
[=C*Av/AL

FIG. 71 shows a Av from e.g. max 1V and At 1s known from
the generated block wave.

The micro-controller 118 of the slave units 115 can easily
decode or demodulate such combined power and data signal,
¢.g. by using an mput pin which automatically generates an
interrupt on a rising edge, and the micro-controller only
needs to determine the time interval between subsequent
pulses, e.g. by measuring a time-value (or counter-value)
when the first pulse occurs, and measuring a time-value (or
counter value) when the second pulse occurs, and then
calculating the difference between these time-instances (or
counter values) as At, and then find the best match with one
of the predefined values Atl, At2 and At3, and assign the
corresponding bits ‘0’ or ‘1” or ‘no data-bit’.

It 1s clear to the persons skilled in the art, that the above
specifies one possible embodiment of a “physical layer” of
the well-known OSI-model which can be used on the
hardware of FIG. 3. The physical layer specifies how “bits”™
are communicated between devices. This layer typically
specifies parameters like e.g. voltages, speed, and pin-out of
cables.

Although any suitable higher layer protocol may be used
on top of this physical layer, a suitable protocol for use 1n the
rechargeable energy system 113 will be described next, as an
embodiment, and without limiting systems according to the
invention thereto.

In an example, each micro-controller 118, and thus each
slave unit 115, would have a unique address on the bus, ¢.g.
a 5-bit address 1 a system having 32 slave-units. The
address may e.g. be hardcoded in the slave software, or
written 1n non-volatile memory (flash or EEPROM, embed-
ded 1nto the slave, or externally connected thereto), or may
even be set at PCB-level by stutling pull-up or pull-down
resistors, or by using dip-switches, or 1n any other way. A
communication cycle begins with an °‘idle’-state, corre-

sponding to the “no-data-bits” mentioned above. The main
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control unit 120 only sends power pulses, no data. The slave
umts 115 are “listening” to the bus by measuring the time
differences At between the rising edges of successive pulses
(1n this case they would detect At3). Then, the main control
umt 120 sends a data-packet consisting of a predetermined
number of bits comprising instruction information and
address information. As an example only, the main control
unit 12 can send an 8 bits data-packet, comprising 3 bits for
the mnstruction+3 bits for the address. Such 8-bit data packet
provides for eight possible commands and thirty-two slave
addresses. Of course, the length of the data-packet may be
adapted to the needs, 1.e. the number of addresses and the
number of commands required for the particular application.
One of the possible commands may be “open all first
switches SW1”, 1n which case the address field 1s irrelevant,
and each slave umit 115 would open 1ts first switch SW1.
Another command could be: “close one first switch SW1”,
in which case only the addressed slave unit closes 1ts first
switch. Another command could be “measure all voltages™.
Each micro-controller 118 would then measure the voltage
of 1ts electrical cell 12, by using its A/D convertor, and store
the value temporarly in memory. Another command could
be “transmit one measured voltage™, and the addressed slave
would transmit the measured voltage over the second bus 40.

The communication over the second bus 140 may be
based on the same frequency as the communication of the
first bus 130, e.g. may be synchronous therewith, but that is
not absolutely required.

In the synchronous case, each incoming power pulse
would be used as a clock signal for outputting the data on the
second bus 140, 1.e. at each rising edge of the incoming
pulses, the addressed slave would send one bit-value to its
opto-coupler 135, until all bits of the measured value are
sent. Since the master 120 1s sending the first pulses P1 on
the first bus 30, 1t can easily decode the data on the second
bus 140.

As an example of asynchronous communication, each
slave unit 115 may use its own timing, e.g. by using an
RS232-like timing protocol over the optical interface, e.g.
using a local clock dertved from a local oscillator. Of course,
the main control unmit 120 would have to use the same
protocol on the recerving side of the second bus 140 to
decode the data received from the slaves 1185.

Whereas the wavetorms shown 1n FIG. 7A and FIG. 7B
show three possible time differences Atl, At2 and At3, the
invention 1s not limited thereto, and other implementations
are also possible, as already indicated above. For example,
as a fTurther possible implementation (not shown), only two
time differences Atl and At2 may be used, whereby Atl
corresponds to a ‘1” bit, and At2 corresponds to a ‘0’ bat.
Again, by using an appropriate protocol, e.g. by using data
packets with a header field (e.g. comprising a sync-byte such
as e.g. hexadecimal number 0x47 for synchronization pur-
poses), and with a command field (e.g. 3 bits) and an address
field (e.g. 5 bits), the main control unit 120 would be able to
communicate to each slave unit 115 over the first bus 130 by
modulating the power pulses. In this case, when no data-
information 1s to be sent to the slaves, dummy packets could
be sent on the bus, for example the “NOP” command (No
OPeration), which may be implemented 1n any suitable
manner, €.g. as one of the eight commands, but requiring no
action. As described above, other protocols can be used on
top of this physical layer.

As vyet a further possible implementation (not shown),
four time differences Atl, At2, At3, At4d may be used,
whereby Atl corresponds to the symbol ‘00° comprising two
bits, At2 corresponds to ‘01°, At3 corresponds to the symbol
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“10°, and At4 corresponds to the symbol ‘11°. By using such
a hardware layer, two data-bits can be sent per power pulse.
Possible timing could be Atl=about 32.5 microseconds,
At2=about 37.5 microseconds, At3=about 42.5 microsec-
onds and Atd=about 47.5 microseconds, (each with a toler-
ance of +/-1.5 microseconds, or less), but another timing
may also be chosen.

As still another possible implementation (not shown), five
time differences Atl, At2, At3, Atd, At5 may be used,
whereby Atl corresponds to the symbol ‘00° comprising two
bits, At2 corresponding to ‘01°, At3 corresponds to the
symbol ‘10°, and Atd corresponds to the symbol 11°, and
AtS corresponds to “no data”. The latter symbol may e.g. be
used as packet separator. An advantage hereof 1s that it 1s
casier to resynchronize i case of sync-loss, since not an
entire package or even multiple packets of a given length
need to be scanned.

Form the above, it should be clear to the skilled reader,
that 1t 1s also possible to send more than two data-bits per
power pulse, by using more, e.g. eight or nine, predefined
time differences Atl to At8 and optional At9, corresponding,
to ‘000°, ‘001, ... ‘111” and optional “no-data”. To achieve
reliable communication over the first bus 130, the rising
edges 1s preferably be steep, 1.e. have a short “rise time” 1n
relation to the predefined distances. For example, the rise
time should preferably be less than 20% of the smallest time
difference between rising edges, preferably less than 10%,
more preferably less than 3%, or even less than 3%. In

general, the higher the pulse frequency of the first pulses P1,
the shorter the rise-time has to be, in order to maintain
reliable communication.

Although the first embodiment 1s described as an energy
storage system, it 1s clear that the method and system for
providing pulsed power and data on the bus, as explained
above can also be applied 1n other systems where a main
control unit 1s connected to a bus, and where one or more
slave units are connected to the bus by means of a series
capacitor, such as e.g. a medical implanted device men-
tioned above. Likewise, the slave units of such a system do
not need to be balancing units, depending on the application.
For example, lead acid battery cells generally do not require
individual balancing, but individual monitoring may be
required. The same applies for fuel cells and tlow cells.

Second Embodiment

Having explained the main principles of the present
invention by means of the first embodiment described 1n
relation to FIG. 3 to FIG. 71, further embodiments of the
present mnvention will be easily understood. In the following,
all the disclosure relating to the First Embodiment above 1s
included here by reference 1n this embodiment. In particular
all pulse wave forms, modulation and demodulation tech-
niques described with reference to FIG. 7a to FIG. 74 are
included by reference in this embodiment.

FIG. 8 shows a second embodiment of a system 213
according to aspects of the present invention, whereby the
main control unit 220 1s adapted for sending combined
power and data pulses over a bus 230 to one or more slaves
215, which slaves 215 are connected to the bus 230 by
means of series capacitors 219 (or capacitive circuits, or
capacitive devices). The slaves 215 can recerve the data 1n
any of the ways or in the same way as described above (first
embodiment), e.g. by measuring the time differences At
between rising edges of the second pulses P2 seen by the
microcontroller 218.
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The main difference between the second embodiment and
the first embodiment 1s that there 1s no second channel 1n the

second embodiment through which the slaves 215 can
communicate data to the main control unit 220. Thus the
present mvention can also be used in uni-directional com-
munication systems.

FIG. 9 shows an example of a slave unit 215 as can be
used 1n the system 213 of FIG. 8. It 1s to be noted that this
slave unit 215 does not need an opto-coupler at all, and thus
board space, component count and cost can be further
reduced, and system reliability can be further increased.

Third Embodiment

FIG. 10 shows a third embodiment of a system 313
according to aspects of the present invention, whereby the
main control unit 320 1s adapted for sending power and data
signals over a bus 330 to one or more slave units 315, which
slave units 315 are connected to the bus 330 by means of
series capacitors 319 (or capacitive circuit, or capacitive
device). The slave units 315 can receive the data from the
main control unit 320 in any of the ways or in the same way
as described above (first embodiment), by measuring the
time differences At between rising edges of the second
pulses P2. In the following all the disclosure relating to the
First and Second Embodiments above 1s included here by
reference 1n this embodiment. In particular all pulse wave
forms, modulation and demodulation techniques described
with reference to FIG. 7a to FIG. 72 are included by
reference 1n this embodiment.

The main difference between the third embodiment and
the first embodiment 1s that the slave units 315 can com-
municate back to the main control unit 320 via the same
channel 330 and through the same series capacitor 319 (or
capacitive circuit, or capacitive device). The main control
unit 320 and the slave units 315 would, however, not be able
to communicate simultaneously (not full-duplex), because
baseband communication 1s used, but may communicate e.g.
alternatingly for a predefined time period. This may require
that the output driver of the AC signal generator 314 1s
placed 1n a high impedance state when the slaves are
sending. However, the AC signal generator may also be
decoupled from the first bus 1n other ways, such as e.g. by
means of a switch (not shown) between the bus 330 and the
AC signal generator 314, or 1n any other way.

In an example, first the main control unit 320 would
provide suflicient energy and optionally also data to the
slave units 315 by sending first pulses P1, 1n any manner or
in a similar manner as described above, and would then stop
sending pulses. Subsequently, one of the slaves would
provide third pulses P3, e.g. rectangular pulses with rising
edges, to the capacitor 319 (or capacitive circuit, or capaci-
tive device) 1n any way or 1 a similar way as described
above for the main control unit 320. However, the third
pulses P3 need not be exactly the same as the first pulses P1
because the slave units 315 only need to send data without
power to the main control unit 320, and thus the pulses P3
may e.g. have a different amplitude and/or shape and/or
timing, and the data may be sent at a different frequency as
1s used for the first pulses. The third pulses P3 are trans-
formed into fourth pulses P4 through the series capacitor
319 (or capacitive circuit, or capacitive device) 1 a similar
manner as shown i FIG. 6. In contrast to the first embodi-
ment, where the data sent by the slave units 315 could be
synchronous to the first pulses (clock), that 1s not possible 1n
the embodiment of FIG. 10. Instead, the micro-processor
(not shown) of the main control unit 320 of the embodiment




US 9,768,978 B2

21

of FIG. 10 would measure the time differences At between
the rising edges of the fourth pulses P4, and translate them

into a bit-stream, which can subsequently be iterpreted by
the protocol being used, 1n a similar way as was done by the
slave unit of the first embodiment. The values of the
predefined time differences (e.g. Atl, At2, etc) and the
protocol used 1n the communication from the main control
unit 320 towards the slave units 315 (1.e. the down-link)
need not necessarily be the same as those used in the
communication from the slave units 313 to the main control
unit 320 (1.e. the up-link), but using the same protocol may
be easier to implement.

FIG. 11 shows an example of a slave unit 315 as can be
used 1n the system 313 of FIG. 10. It 1s noted that this slave
unit 315 does not need an opto-coupler for communicating,
to the main control unit 320, but requires an additional AC
signal generator 345 for generating the third pulses P3
(which are transformed into fourth pulses P4 by the capaci-
tor 319 (or capacitive circuit, or capacitive device)). This AC
signal generator 345 may comprise or consist of a voltage
bufler, or may comprise an H-bridge, or other suitable
circuitry. Preferably this bufler 345 1s put in a high-imped-
ance state when the main unit 1s sending power and/or data,
or the TX-line may be disconnected from the P node in
another way, e.g. by using an additional switch (not shown).

In case the system 313 1s an energy storage system (thus
by adding storage cells and switches SW1, SW2), that
system would provide the same functionality as the prior art
circuit 13 (FIG. 1), however being more compact, having a
lower weight, a lower cost, and higher system reliability.

Fourth Embodiment

FIG. 12 shows a fourth embodiment of a system 413
according to aspects of the present invention, whereby the
main control unit 420 1s adapted for sending power and data
signals over a bus 430 to one or more slave units 4135, which
slave units 4135 are connected to the bus by means of series
capacitors 419 (or capacitive circuit, or capacitive device).
The slave units 415 can receive the data from the main
control unit 420 1n the same way as described above (first
embodiment), by measuring the time diflerences At between
rising edges of the second pulses P2. In the following all the
disclosure relating to the First to Third Embodiments above
1s included here by reference in this embodiment. In par-
ticular all pulse wave forms, modulation and demodulation
techniques described with reference to FIG. 7a to FIG. 7/

are included by reference 1n this embodiment.

The main difference between the fourth embodiment and
the first embodiment (of FIG. 3) 1s that the slave units 415
can communicate back to the main control umt 420 via a
second channel 440 different from the first channel 430, but
instead of using opto-couplers, galvanic separation 1s
obtained by means of second series capacitors 441 (or
capacitive circuit, or capacitive device).

In an example, first the main control unit 420 would
provide suilicient energy and optionally also data to the
slave units 415 by sending first pulses P1, in any manner or
in a similar manner as described above. Depending on the
implementation, 1n particular on the processing capabilities
of the microcontroller, the main unit may then stop sending
pulses so that the slave units do not require decoding or
demodulating, or may continue sending power pulses only,
or may continue sending power and data pulses, but only for
a subset of the slaves. Subsequently, one of the slaves would
provide third pulses P3, e.g. rectangular pulses with rising
edges, to the capacitor 441 (or capacitive circuit, or capaci-
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tive device) 1n any way or in a similar way as described
above for the main control unit 420. However, as described
above, the third pulses P3 need not be exactly the same as
the first pulses P1 because the slave units 415 only need to
send data without power to the main control unit 420, and
thus the pulses P3 may e.g. have a diflerent amplitude and/or
shape and/or timing. The third pulses P3 would be trans-
formed into fourth pulses P4 through the series capacitor
441 (or capacitive circuit, or capacitive device) 1 any
manner or in a similar manner as shown 1n FIG. 6. The third
pulses P3 may be, e.g. may be sent at substantially the same
clock frequency as the first pulses P1, or at another clock
frequency, e.g. at a local clock frequency of the microcon-
troller. The values of the predefined time differences (e.g.
Atl, At2, etc) and the protocol used 1n the communication
from the main control unit 420 towards the slave units 415
(1.e. the down-link) need not necessarily be the same as those
used 1n the communication from the slave units 415 to the
main control unit 420 (1.e. the up-link), but using the same
protocol may be easier to implement.

FIG. 13 shows an example of a slave unit 415 as can be
used 1n the system 413 of FIG. 12. It 1s noted that this slave
unit 415 does not need an opto-coupler for communicating
to the main control unit 420, but requires an additional AC
signal generator 443 for generating the third pulses P3. This
AC signal generator may comprise or consist of a voltage
bufler, or may comprise an H-bridge, or other suitable
circuitry. The AC signal generator 445 would not be con-
nected to the node “P” but to a separate node “C”, for
connection to the series capacitor 441 (or capacitive circuit,
or capacitive device).

In case the system 413 1s an energy storage system (thus
by adding storage cells and switches SW1, SW2), that
system would provide the same functionality as the prior art
circuit 13 (FIG. 1), however being more compact, having a
lower weight, a lower cost, and higher system reliability,
since the CAN-bus has been removed, and all opto-couplers
are replaced by capacitors 419, 441 (or capacitive circuits, or
capacitive devices).

The mvention claimed 1s:

1. A system for providing power and data signals from a
main control unit to at least one slave unit via a first bus
comprising:

the main control unit comprising a first AC signal gen-

crator adapted for providing a first AC signal compris-
ing a plurality of first pulses for providing power to the
at least one slave unit via the first bus;

cach slave unit being AC-coupled to the first bus by means

of a first series capacitor device, each first series
capacitor device being arranged for converting the first
pulses provided at 1ts inputs mto second pulses at its
output, the second pulses having at least one edge or
flank:

the main control unit being adapted for sending data to the

at least one slave unit by modulating the plurality of
first pulses;

the at least one slave unit being adapted for receiving the

data by demodulating the plurality of second pulses by
determining pulse amplitudes or time differences
between receipt of the at least one edges or flanks or by
counting pulses.

2. The system of claim 1 wherein the at least one edges or
flanks are rising or falling edges, and the slave unit is
adapted to determine time differences between receipt of the
rising or falling edges of different pulses.

3. The system of claim 1, wherein the at least one edges
or flanks are rising edges and falling edges and the slave unit
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1s adapted to determine time differences between receipt by
the slave unit of rising edges and trailing edges of a pulse.

4. The system according to claim 1, wherein:

the main control unit 1s adapted for providing the first AC

signal such that the first pulses have a rising or falling
edge;

the main control unit 1s adapted for sending the data by

changing the time distances between the rising or
falling edges of consecutive first pulses;

at least one slave unit 1s adapted for receiving the data by

determining the time distances between the rising or
falling edges of consecutive second pulses, and for
translating the determined time distances to corre-
sponding data-symbols.

5. The system according to claam 1, wherein the main
control unit and the at least one slave unit are adapted for
applying resp. detecting at least a first and a second prede-
termined time distance (Atl, At2) corresponding to a first
and a second data symbol.

6. The system according to claim 1, wherein the system 1s
a rechargeable energy storage system comprising a string of
rechargeable energy storage devices coupled in series, and
cach slave unit 1s a balancing unit for charging or discharg-
ing one of the rechargeable energy storage devices.

7. The system according to claim 1, furthermore com-
prising a second bus, connected between the main control
unit and the at least one slave unit by means of a galvanic

decoupling element for communicating data from the at least
one slave unit to the main control unait.

8. The system according to claim 7, wherein the at least
one slave unit 1s adapted for sending data to the main control
unit over the second bus synchronously with the first AC
signal.

9. The system according to claim 7, wherein:

the galvanic decoupling element 1s a second series capaci-

tor device;
the at least one slave unit 1s adapted for providing a
second AC signal comprising a plurality of third pulses
having a rising or a falling edge to the second series
capacitor device, whereby the time distances between
the rising or falling edges of consecutive third pulses
are modulated according to the data to be sent from the
slave unit to the main control unit;
the main control unit 1s adapted for detecting the time
distances between the rising or falling edges of fourth
pulses orniginating at an output of the second series
capacitor devices when the third pulses are applied to
its 1nput.
10. A method for providing power and data signals from
a main control unit to at least one slave unit via a first bus,
the at least one slave unit being AC-coupled to the first bus
by means of one or more series capacitor devices, the
method comprising the steps of:
providing combined power and data signals from the main
control unit to the at least one slave unit by generating
a first AC signal comprising a plurality of first pulses,
cach pulse having at least one edge or tlank, and by
applying the first AC signal to the first bus;
receiving the first pulses at the mput of the one or more
series capacitor devices, and providing second pulses at
the output of the one or more series capacitor devices;

sending the data from the main control unit to the at least
one slave umt by modulating the plurality of first
pulses;

receiving the data in the at least one slave umit by

demodulating the plurality of second pulses by deter-
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mining pulse amplitudes, or time differences between
receipt of the at least one edges or tlanks or by counting
pulses,

wherein the at least one edges or flanks are rising or

falling edges and the slave unit 1s adapted to determine
time differences between receipt of the rising or falling
edges of different pulses.

11. The method of claim 10, the modulating and demodu-
lating being by any of, or any combination of pulse position
modulation (PPM), pulse width modulation (PWM), PFM
(pulse frequency modulation), pulse interval modulation
(PIM), or pulse count modulation.

12. The method according to claim 10, wherein:

the first AC signal 1s generated such that the first pulses

have a rising or a falling edge;

the modulation of the first pulses 1s done by changing the

time distances between the rising or falling edges of
consecutive first pulses;

the demodulation of the second pulses 1s done by detect-

ing the time distances between the rising or falling
edges of consecutive second pulses, and by translating
the determined time distances to corresponding data-
symbols.

13. The method according to claim 10, wherein

the first AC generator applies a first and a second prede-

termined time-distance (Atl, At2) for transmitting a
first and a second data symbol;

and wherein the at least one slave unit demodulates the

second pulses by measuring the time distances between
the rising or falling edges of consecutive second pulses,
and by selecting one of the first and second predefined
time distances (Atl, At2) corresponding to the mea-
sured time distance, and by translating the selected time
distances (Atl, At2) to corresponding the first and
second data symbols.

14. The method according to claim 10, the at least one
slave unit furthermore being communicatively coupled to a
second bus by means of a galvanic decoupling element, the
method furthermore comprising the step of:

communicating data from one of the slave umts via the

second bus to the main control unit.
15. A method for providing power and data signals from
a main control unit to at least one slave unit via a first bus,
the at least one slave unit being AC-coupled to the first bus
by means of one or more series capacitor devices, the
method comprising the steps of:
providing combined power and data signals from the main
control unit to the at least one slave unit by generating,
a first AC signal comprising a plurality of first pulses,
cach pulse having at least one edge or flank, and by
applying the first AC signal to the first bus;
receiving the first pulses at the mput of the one or more
series capacitor devices, and providing second pulses at
the output of the one or more series capacitor devices;

sending the data from the main control unit to the at least
one slave unmit by modulating the plurality of first
pulses;

recerving the data in the at least one slave umt by

demodulating the plurality of second pulses by deter-
mining pulse amplitudes, or time differences between

receipt of the at least one edges or tlanks or by counting
pulses,

wherein the at least one edges or flanks are rising edges
and falling edges and the slave unit 1s adapted to
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determine time differences between receipt by the slave
unmt of rising edges and falling edges of a pulse.

16. The method of claim 15, the modulating and demodu-
lating being by any of, or any combination of pulse position
modulation (PPM), pulse width modulation (PWM), PFM
(pulse frequency modulation), pulse interval modulation
(PIM), or pulse count modulation.

17. The method according to claim 15, wherein:

the first AC si1gnal 1s generated such that the first pulses

have a rising or a falling edge;

the modulation of the first pulses 1s done by changing the

time distances between the rising or falling edges of

consecutive first pulses;
the demodulation of the second pulses 1s done by detect-

ing the time distances between the rising or falling

edges of consecutive second pulses, and by translating
the determined time distances to corresponding data-
symbols.
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18. The method according to claim 15, wherein

the first AC generator applies a first and a second prede-
termined time-distance (Atl, At2) for transmitting a
first and a second data symbol;

5 and wherein the at least one slave unit demodulates the
second pulses by measuring the time distances between
the rising or falling edges of consecutive second pulses,
and by selecting one of the first and second predefined
time distances (Atl, At2) corresponding to the mea-
sured time distance, and by translating the selected time
distances (Atl, At2) to corresponding the first and
second data symbols.

19. The method according to claim 15, the at least one
slave unit furthermore being communicatively coupled to a
second bus by means of a galvanic decoupling element, the
method furthermore comprising the step of:

communicating data from one of the slave units via the
second bus to the main control unit.
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